Lignin, the most abundant natural raw material, is one of the main polymeric constituents of lignocellulosics and woods and represents nearly 30% of non-fossil organic carbon currently being produced in the world. The worldwide market for lignin products is expected to grow at roughly 9% over the next five years and will reach 1250 million US$ in 2024, from 750 million US$ in 2019, being the actual production of about 1300 thousand tonnes. A major classification of lignin product types includes Kraft lignin, lignosulphonates and other products where biocarbon materials are being considered as relevant. In addition, major applications are construction, agricultural industry, animal feed and others.
The physico-chemical behavior of lignin and its molecular structure can vary significantly depending on the original bioresource and the extraction method used. In addition to natural resources of lignin, significant amounts of waste lignin are also being produced as a side-stream in the traditional pulp and paper industries (e.g. Kraft lignin), as well as a waste co-product in bioethanol production from biomass. From the perspective of high energy content and polymer structure, lignin is considered a promising source of renewable fuels, materials and chemicals. However, a majority of lignin has been burned as a source of heat and even discharged into rivers. Although lignin is mainly made up of three types of phenylpropane units, its 3D randomized net structure severely restricts its application in the production of valuable chemicals.
In general, the conversion of lignin into fuels and chemicals relies on thermochemical and primary hydrolytic conversions to break down large polymers. As a promising thermochemical conversion technology, pyrolysis can convert lignin into fuels, materials and valuable chemicals in solid, liquid, and gas forms in the absence of oxygen, with or without a catalyst. Lignin pyrolysis undergoes three consecutive stages, namely, the evaporation of water, the formation of primary volatiles, and the subsequent release of small-molecule gases. Studies indicate that lignin is a natural phenolic random polymer with a 3D network structure made up of three typical phenylpropane monomer units, through ether bond and C-C bond linkages. The proportion of these linkages depends on the type of wood. In many cases, approximately two-thirds of the linkages in lignin are ether bonds, whereas the remaining linkages are C-C bonds. In addition, lignin has 48-60% β-O-4 bonds and approximately 25% 5-5′ linkages, which are the main bond types in lignin. Therefore, the effective cleavage of β-O-4 bonds and 5-5′ linkages is a key issue for lignin decomposition. As lignin is composed of phenylpropane monomer units through different aryl ethers or other linkages, these irregular connection forms with different bond energy significantly affect the lignin depolymerization process.
Recently, lignin pyrolysis for biocarbon materials development has been focused on novel multidimensional carbons, assessing how low temperature pyrolysis of waste lignin, a coproduct of bioethanol production from sugarcane bagasse, in the temperature range of 200-800°C for 15 to 60 min under argon atmosphere can produce the formation of multidimensional carbons in the form of nanofibers, micro-ribbons, complex 3D structures and their blends. The used waste lignin, with a 54% carbon, 39% oxygen and 4% ash content produced the simultaneous generation of amorphous as well as crystalline carbon structures during the pyrolysis treatment. In addition, no standard graphite peaks were observed, being this result expected as these temperatures are too low for any graphitization to occur. In addition, researchers have recently investigated the formation of carbon-based nanomaterials through heating iron nitrate promoted Kraft lignin at different temperatures up to 600 o C under argon gas at atmospheric pressure. The presence of multi-layer turbostratic-structured graphene in samples heated at 600 o C was observed. X-ray diffraction results indicated that iron oxides nanoparticles started their formation as an amorphous carbon matrix at 300 o C, and turned into α-Fe nanoparticles at 600 o C. The hypothesis is that the formation of observed multi-layer graphene materials is based on the dissolution and precipitation mechanism of carbonaceous gases from lignin decomposition acting as carbon sources and α-Fe working as the catalyst. Here, Kraft lignin contained 97.1% lignin, 0.53% ash, and 1.7% sugar, with a pH value of 6.2.
The effect of pyrolysis temperature on the morphology, bulk and surface chemistry of cellulose, xylan and lignin chars has been also examined. Chars were produced between 300 and 700 o C. The formation of polyaromatic structures was found to be prevalent at 400 o C for both cellulose and lignin chars. In fact, the lignin char produced at 400 o C showed that crosslinking at low temperatures preferentially forms hexagonal or larger rings. Aromatic condensation increased until 500 o C, and remained stable up to 700 o C. The sharp drop in oxygen content as temperature is increased up to 500 o C and the formation of ether (C-O-C) groups indicates that oxygen is a primary reaction component for crosslinking and polycondensation. Despite the considerable increase in ring size for char produced at 700 o C compared to 500 o C, only very mild loss of oxygen is identified, suggesting that C-C bonds are forming with minimal oxygen mediation. At these temperatures the increase in ring size occurs largely in a 3D manner rather than planar with contributions from non-hexagonal rings and out-of-plane distortion.
Lignin valorization into biocarbon materials
Engineered biocarbon materials have been studied in recent years for different industrial and environmental applications. In particular, the introduction of various carbon materials such as carbon black, carbon nanotubes and graphene with coating/supporting transition metal oxides have been regarded as a promising approach to develop superior anode materials for lithium storage. In fact, these carbonaceous materials can provide continuous electron transport channels and hinder its volume change during cycling process, as micro/nanostructured materials avoid the above shortcomings owing to its synergetic effect of integral microstructure, also presenting the advantages of nanomaterials. Besides, carbon nanotubes have been also developed for environmental purposes including hexavalent chromium adsorption, dye removal, volatile compounds biofiltration, as well as novel biosensors, among other applications.
Waste Management & Research serves as a forum for exchanging research expertise and scientific ideas supporting the development and application of residual lignin valorization. To this end, WM&R invites researchers to submit manuscripts that focus on technologies for enhancing the volume and quality of lignin based bio-products for both bio-energetic purposes and higher-value-added materials and chemicals.
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